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A KEY PREREQUISITE FOR THE efficient movement and overall function of animals is the ability of skeletal muscles to support body weight. Skeletal muscle is a highly plastic tissue, but how it perceives quantitative information regarding a variable load and responds appropriately to maintain a balance between performance and load is a poorly understood and complex issue (6, 19, 20, 24, 33) . The role of mechanical signals (or lack thereof) in muscle homeostasis has been examined mainly with regard to their effects on muscle mass and protein synthesis (9, 18, 42) . However, muscle mass-specific force output is predicted to decrease with increasing muscle size (2, 41) , and increasing muscle mass alone, therefore, would not suffice as body weight support requirements increase. The ability of skeletal muscle to vary performance by altering the protein composition, in concert with overall muscle size changes, has been studied to a lesser extent in this regard (but see, e.g., Refs. 5, 11, 35) , but is a potent candidate mechanism to circumvent this geometric constraint.
Our laboratory recently reported that alternative splicing of the pre-mRNA for skeletal muscle fast troponin T (Tnnt3) was rapidly altered in response to a 5-day period of an externally imposed increase in muscle loading by means of a weighted vest (41) . Before that study, similar results were obtained in insects (28) . These findings provide a novel molecular marker for how muscles sense and make quantitative adjustments that correlate with an applied load, as the Tnnt3 pre-mRNA splicing response correlated quantitatively with weight load per se. Moreover, obese rats showed an impairment of this response, suggesting that such individuals fail to make appropriate adjustments to skeletal muscle composition as their body weight increases (41) . Resolving whether the quantitative adjustments to Tnnt3 pre-mRNA alternative splicing in response to muscle loading observed in vivo are regulated by a systemic or cell-autonomous mechanism would provide important insights into the general biology of body weight sensing and impaired muscle function in obesity (e.g., Refs. 20, 23, 25) .
Alternative splicing of muscle sarcomere genes is a mechanism that allows muscle to be highly plastic in terms of the amino acid composition of sarcomere proteins, while maintaining overall stoichiometry. Most genes (e.g., 90% of human genes; Ref. 44 ) are alternatively spliced, but the functional consequences of quantitative variation in mRNA splice form expression have been studied for only a few genes (21, 30) . Mammalian skeletal muscle troponin T is encoded by a slow (Tnnt1) and fast (Tnnt3) gene (38) , the latter of which undergoes extensive alternative splicing. Tnnt3 pre-mRNA comprises 18 exons, including a cassette of 6 alternatively spliced exons near the 5= end and a mutually exclusive pair of exons near the 3= end, allowing a possible 128 unique splice forms. Changes in the relative abundance of different Tnnt3 alternative splice forms is likely to be an important component of muscle plasticity, as Tnnt3 affects the calcium sensitivity of muscle contraction (5, 10, 35, 36) . Our laboratory's previous work demonstrated that Tnnt3 splicing adjustments associated with body weight gain consisted of an overall decrease in the relative abundance of Tnnt3 splice forms that include Tnnt3 exon 4 (41) . Reduced inclusion of exon 4 is known to correlate with increased muscle fiber calcium sensitivity (4, 40) , suggesting that the overall effect of natural and experimental increases in body weight is an increased calcium sensitivity and force output in gastrocnemius and perhaps other weightbearing muscles (41) .
To examine whether a cell-autonomous mechanism regulates this quantitative response in Tnnt3 alternative splicing, we tested the hypothesis that Tnnt3 pre-mRNA alternative splicing is affected by mechanical stretch in C2C12 muscle cell cultures. The experiments were designed to employ a substrate deformation paradigm (i.e., a FlexCell culture system) that is expected to approximate what happens to muscle cells in vivo during contractions associated with increased loading (6) . A cell culture model is also more conducive to identifying signaling pathways that may translate mechanical signals into alternative splicing events. Interestingly, a growing body of literature suggests that many alternative splicing events require the activity of signaling pathways that are mainly known for their ability to regulate skeletal muscle protein synthesis and growth in response to variable mechanical loading (27) . The protein kinases Akt (also known as PKB) and ERK1/2 have been repeatedly shown to be activated in similar in vitro model systems (1, 16, 17) and to modulate the phosphorylation of mRNA binding splice factors that influence decisions regarding exon inclusion/exclusion (3, 32, 43) . Therefore, we also tested the hypothesis that Akt and ERK1/2 kinases regulate Tnnt3 pre-mRNA alternative splicing in response to mechanical stretch.
MATERIALS AND METHODS

Materials and reagents.
High-(4.5 g/l) and low-glucose (1 g/l) Dulbecco's modified Eagle's medium (DMEM) and Pen Strep (P/S; 5,000 U/ml penicillin, 5 mg/ml streptomycin) were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlas Biologicals (Fort Collins, CO), and horse serum was purchased from Sigma-Aldrich (St. Louis, MO). Akt1/2-kinase inhibitor (KI) and MEK inhibitor U0126 were purchased from SigmaAldrich and Promega (Madison, WI), respectively. The following antibodies were purchased from Cell Signaling Technology (Danvers, MA): Akt, phospho-Akt (Ser473) XP, p44/42 MAPK (ERK1/2), phospho-p44/42 MAPK (Thr202/Tyr204) (pErk1/2). Polyvinylidene difluoride membrane used in Western blotting was purchased from Pall (Ann Harbor, MI), and enhanced chemiluminescence (i.e., Pierce ECL and Amersham ECL Plus) reagents were purchased from Thermo Fisher Scientific (Rockford, IL) and GE Healthcare (Piscataway, NJ), respectively.
Cell culture and mechanical stretch conditions. C2C12 myoblasts were purchased from ATCC (Manassas, VA). The cells were maintained in high-glucose (i.e., 4.5 g/l) DMEM with 10% FBS and 1% P/S under standard cell culture conditions (i.e., 5% CO 2, 95% O2, temperature ϭ 37°C). They were seeded at 100,000/well in type I collagen-coated, BioFlex flexible-bottomed, six-well culture dishes (Flexcell International, Hillsborough, NC) in "medium-glucose" (i.e., 2.75 g/l) DMEM with 10% FBS and 1% P/S. The cells were then allowed to proliferate to ϳ80% confluency (ϳ48 h postseeding), and the medium was replaced with low-glucose DMEM with 10% FBS and 1% P/S at 24 h postseeding. Myoblasts were induced to differentiate to myotubes in low-glucose DMEM, with 2% horse serum and 1% P/S for 6 days. The medium was refreshed every 48 h and was changed to low-glucose (i.e., 1 g/l), serum-free DMEM with 1% P/S 12 h before the onset of cyclic stretch. For the Akt and ERK1/2 inhibition studies, a final medium replacement with low-glucose, serum-free DMEM with 1% P/S containing 0.4 M Akt-KI or 10 M U0126, respectively, was performed 2 h before the onset of mechan- Immunoblotting. Myotubes were harvested in lysis buffer [20 mM HEPES, 2 mM EGTA, 50 mM sodium fluoride, 100 mM KCl, 0.2 mM EDTA (disodium salt), 50 mM ␤-glycerophosphate, pH 7.4] containing protease inhibitors [1 mM DTT, 1 mM benzamidine, 0.5 mM sodium vanadate, and 10 l/ml protease inhibitor cocktail (Sigma no. P8340)]. The cells were lysed for 20 min at 4°C on a rocking platform. The lysate was then first split into two fractions, one of which was used directly for extraction of total RNA (see below). The remaining fraction was centrifuged for 3 min, at 4°C, and 1,000 g. The supernatant was diluted with 2ϫ sample buffer (0.125 M Tris base, pH 6.8, 25% glycerol, 2.5% SDS, 0.25% ␤-mercaptoethanol, 5% bromophenol blue) and boiled for 5 min at 95°C. Subsequently, 20 l of the samples were separated by means of SDS-polyacrylamide gel electrophoresis on 4 -15% precast polyacrylamide gels (BioRad, Hercules, CA). After electrophoresis, proteins were transferred onto a polyvinylidene difluoride membrane, and the membrane was blocked in Tris-buffered saline containing 0.1% Tween 20 (TBST) containing 5% nonfat dry milk for 1 h at room temperature. After two 10-min washes in TBST, incubation with primary antibody (in TBST) was performed overnight at 4°C, followed by incubation with secondary antibody (in TBST containing 5% nonfat dry milk) for 1 h at room temperature. After four 5-min washes with TBST, Western blots were developed using either ECL or ECL Plus reagents. Chemiluminescent imaging was performed using a GeneGnome HR (Syngene, Frederick, MD) system, and integrated optical densities of bands were obtained using GeneTools (Syngene, Frederick, MD) software.
Characterization and quantification of Tnnt3 pre-mRNA splice form relative abundance. Total RNA was extracted from cell lysates using Trizol reagent (Invitrogen) and precipitated in isopropanol, according to the manufacturer's instructions. The RNA and nontemplate (i.e., H 2O instead of RNA) samples were reverse transcribed using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Tnnt3 amplicons were amplified by PCR using fluorescein (FAM)-labeled forward primer fTnt_F1 (5=-FAM-CCCCCAAC-CTTCTCAGACT-3=), and two unlabeled reverse primers, fTnt_R2 (5=-CCTTCTTGCTGTGCTTCTGG-3=) and fTnt_R4 (5=-CGGA-CAGTCATGATATCGTATTT-3=), as previously described (35) . PCR was performed using HotStart GoTaq polymerase (Promega) under the following cycling conditions: 2 min at 95°C, followed by 4 cycles of 30 s at 94°C, 30 s at 65°C (Ϫ1.0°C/cycle), followed by 1 min and 15 s at 72°C. This was followed by 33 cycles of 30 s at 94°C, 30 s at 60°C, 1 min and 15 s at 72°C, and ending with a final 15 min at 72°C. Negative control samples were included in this analysis for each experiment.
To quantify effects of mechanical stretch on Tnnt3 alternative splicing, irrespective of overall gene expression patterns (see Fig. 3A ), we determined quantitative changes within the Tnnt3 splice form mixture for each sample. Thus, FAM-labeled PCR products were diluted 1:10 and 1 l was analyzed by capillary electrophoresis (ABI Hitachi 3730XL DNA Analyzer; Applied Biosystems), which allows precise determination of PCR fragment size and quantity in a PCR amplicon pool. Samples with a fragment peak height exceeding the linear detection range of the instrument were further diluted and run again. The relative abundance of each Tnnt3 amplicon in the PCR reaction was determined by dividing its peak height by the total of all Tnnt3 amplicon peak heights (see also Fig. 1 ). The use of this relative abundance measure is a method of normalizing for different starting Fig. 2 . C2C12 myotube Tnnt3 expression during early differentiation. A: while overall Tnnt3 mRNA levels increase steadily over a 96-h period, significant troponin T protein expression did not occur until 48 h of differentiation. Note that total Tnnt3 expression was obtained by summing the peak heights (determined by fragment analysis, see MATERIALS AND METHODS) of all 15 Tnnt3 splice forms and is thus not normalized using some housekeeping gene's expression levels. B: Western blotting (WB) using a total troponin T antibody (JLT12; Sigma) was performed on samples from one of these experiments only, with equal amounts of total protein loaded per lane. Note that JLT12 also recognizes slow and cardiac troponin T. C: importantly, large shifts in the mean relative abundance of Tnnt3 splice forms were observed during the first 48 h of myotube differentiation. For clarity, the relative abundance of only 4 out of 15 Tnnt3 splice forms is displayed as a function of differentiation time. This stimulated us to use day 7 myotubes in the analyses of effects of mechanical stretch (MS) instead of younger myotubes. Values in A and C are means Ϯ SE (N ϭ 6 obtained from two independent experiments using 3 replicates per treatment). D: micrograph of day 7 myotubes showing mature, multinucleated C2C12 myotubes just before the onset of MS experiments (scale bar ϭ 100 m).
amounts of template. For our purposes, therefore, no further normalizing method is necessary. Amplicon fragment size was determined using the GS1200 LIZ internal size standard and Genemapper (Applied Biosystems, Carlsbad, CA) fragment analysis software.
To examine Tnnt3 splice form exon composition, amplicons were extracted from an agarose gel using a QiaQuick gel extraction kit (Qiagen), cloned using a TOPO-TA cloning kit (Invitrogen), and sequenced (ABI Hitachi 3730XL DNA Analyzer).
Data analysis. All Tnnt3 splice form relative abundance data were arcsine transformed to meet normality assumptions of the statistical tests applied. Untransformed data means are presented in Figs. 1-6 and Tables 1 and 2 . Specific statistical tests applied to the data are indicated in the text, or figure and table legends. All statistical analyses were performed using JMP software (The SAS Institute).
RESULTS
Characterization of Tnnt3 splice forms in C2C12 myotubes.
Previous work demonstrated expression of seven Tnnt3 mRNA splice forms in neonatal, and seven in skeletal, muscle of adult mice (45) . However, to our knowledge, the identity and quantitative expression patterns of alternative Tnnt3 splice forms in C2C12 myoblasts and myotubes has not been previously determined. Therefore, we first set out to characterize C2C12 Tnnt3 splice form expression by means of PCR using FAMlabeled primers, followed by DNA fragment analysis. For this purpose, C2C12 myotubes were differentiated for 4 days, as described in the MATERIALS AND METHODS section, and harvested at the start of differentiation (i.e., time point 0; at this point myoblasts were at 80% confluency), and 24, 48, 72, and 96 h postdifferentiation.
Total RNA was extracted from cell lysates and reverse transcribed, and Tnnt3 splice forms were amplified by PCR. DNA fragment analysis of the fluorescently labeled PCR amplicon pool resulted in the identification of 15 constitutively present (i.e., present in each individual sample, but not in negative control samples) DNA fragment peaks (Fig. 1) . Cloning and sequencing of PCR amplicon pools resulted in the identification of 13 of the expected 15 alternative Tnnt3 mRNA splice forms. The predicted exon composition of the remaining two amplicons (i.e., Tnnt3 mt1 and mt4) is indicated in Fig. 1 . Two out of the 15 Tnnt3 splice forms contained 3= end exon 16 (i.e., ␣-type), while the remaining 13 contained 3= end exon 17 (i.e., ␤-type). The discovery of the presence of ␣-type Tnnt3 splice forms in C2C12 myotubes is noteworthy, since thus far it was found that this type of Tnnt3 splice form only occurred in adult fast skeletal muscle (39) . From here onward, these Tnnt3 splice forms are referred to as Tnnt3 mt1-15 (see Fig. 1 ).
Time course experiments demonstrated that, independently of total Tnnt3 mRNA levels ( Fig. 2A) and total troponin T protein expression (Fig. 2B) , the relative abundance of Tnnt3 splice forms varied significantly during the first 2 days of C2C12 myotube differentiation (Fig. 2C) . After 48 h, a more stable expression pattern was apparent. To avoid obscuring any cyclic stretch-related changes by these large, early differentiation shifts in Tnnt3 splice form abundances, C2C12 myoblasts were allowed to differentiate for 6 days before exposing them to mechanical stretch on day 7 of differentiation. To take into account any remaining baseline (i.e., treatment independent) variation in Tnnt3 splice form relative abundances, we sampled nonstretched control myotubes at all time points analyzed.
Effects of mechanical stretch on alternative splicing of Tnnt3 pre-mRNA. There is a lack of information regarding which specific Tnnt3 mRNA splice forms are translated into protein isoforms and may subsequently act to modulate skeletal muscle performance. This disconnect makes it difficult to assess the significance of any treatment-associated increase or decrease in the relative abundance of specific Tnnt3 splice forms. In addition, the inherent correlative nature of relative abundances prohibits us from identifying which specific Tnnt3 splice forms are directly up-or downregulated by treatments. However, previous work has demonstrated that inclusion of Tnnt3 exon 4 in general modulates the muscle calcium sensitivity (4) and, therefore, the force output of muscle. Rather than attempt to interpret the results for all 15 Tnnt3 splice forms individually, we have simplified the analyses by focusing on effects of mechanical stretch on overall Tnnt3 exon 4 inclusion.
As shown in Fig. 3A , mechanical stretch significantly decreased overall inclusion of Tnnt3 exon 4 in C2C12 myotubes at 24 h of treatment. This effect was driven by increased levels of Tnnt3 mt1 and mt2, which lack exon 4, and decreased levels of Tnnt3 mt14 and mt15, which contain exon 4 (Fig. 3B, Table 1 ). Notably, overall exon 4 inclusion decreased, despite a significant increase in the relative abundance of Tnnt3 mt4, which does contain exon 4. Mechanical stretch had no effect on the relative abundance of 7 out of 15 splice forms (Tnnt3 mt5-6, mt9-13; Table 1 ), including one of the most abundant splice forms, Tnnt3 mt12. Considerable baseline (i.e., in the absence of mechanical stretch) variation in the relative abundance of 12 out of 15 Tnnt3 splice forms was also detected (i.e., note the significant effects of variable "Time" in Table 1 ). Finally, acute (i.e., after 30 min) changes in the relative abundance of Tnnt3 mt3-4 and mt7-8 were detected (indicated by an asterisk in Table 1 ), but these were not sustained at subsequent time points. These acute changes are responsible for the increased levels of Tnnt3 splice forms containing exon 4 observed at the 30-min time point in Fig. 3A . Effects of mechanical stretch on Tnnt3 alternative splicing were not associated with changes in total Tnnt3 mRNA levels (Fig. 3C ) or apparent cell numbers or protein content, as determined by Western blotting of GAPDH levels (Fig. 3D) .
Effect of inhibition of Akt and ERK signaling on the Tnnt3 alternative splicing response to mechanical stretch. To examine the possible roles of Akt and ERK1/2 signaling in the regulation of Tnnt3 splicing, we first examined how the mechanical stretch paradigm affected Akt and ERK1/2 phosphorylation. Phosphorylation of both kinases increase rapidly (i.e., within 30 min; Fig. 4 ) in response to mechanical stretch. While Akt phosphorylation decreased to control levels after 2 h, ERK1/2 phosphorylation followed a biphasic pattern, with a second significant activation event occurring at 8 h and maintained at 24 h. Similar rapid onset activation patterns for Akt and ERK1/2 signaling were previously reported for these kinds of mechanical stretch paradigms (1, 16), and our findings provide further evidence for the role of these protein kinases (and associated signaling pathways) in translating mechanical stimuli to intracellular functional events.
We next performed experiments in which C2C12 myotubes were mechanically stretched in the presence of Akt-KI, a specific inhibitor of Akt phosphorylation, or the MEK signaling inhibitor U0126. In these experiments, myotubes were harvested only at 8 and 24 h of stretch, as these were the time points at which most significant mechanical stretch-induced effects on Tnnt3 splicing were observed. In confirmation of the results depicted in Fig. 4 , no effect of mechanical stretch on Akt phosphorylation was observed at either 8 or 24 h (Fig. 5A) . In contrast, addition of Akt-KI to the medium significantly blunted Akt phosphorylation at 8 and 24 h in both control and mechanically stretched cells, whereas addition of U0126 did not affect basal levels of Akt phosphorylation. Addition of U0126 significantly blunted ERK1/2 phosphorylation at 8 and 24 h in both control and mechanically stretched cells (Fig. 5B) , whereas Akt-KI did not affect basal levels of ERK1/2 phosphorylation. As observed in Fig. 4 , mechanical stretch caused increased ERK phosphorylation in both untreated and Akt-KItreated, mechanically stretched cells (although no statistically significant increase was observed for the Akt-KI treated, mechanically stretched cells; Fig. 5B ).
In the study depicted in Fig. 6 , mechanical stretch caused alterations in Tnnt3 pre-mRNA alternative splicing that qualitatively recapitulated those presented in Fig. 3 . In other words, in both untreated and U0126-treated C2C12 myotubes, mechanical stretch caused decreased overall Tnnt3 exon 4 inclusion at 24 h of treatment ( Fig. 6A ; see also Table 2 ). Importantly, Akt-KI treatment prevented this stretch-induced effect. More specifically, Akt-KI treatment prevented the stretch- . *Although significant overall interaction effects were observed for skeletal muscle fast troponin T (Tnnt3) splice forms mt3, mt7 and mt8, post hoc least squares means Student's t-test revealed that mechanical stretch (MS) caused significant effects at 30 min, but these were not sustained subsequently.
induced increase in Tnnt3 mt1 relative abundance and decreases in Tnnt3 mt14-15 relative abundance (Fig. 6B ) demonstrated earlier (Fig. 3B, Table 2 ), while the stretch-induced increases in Tnnt3 mt2 and mt4 relative abundance were unaffected by Akt-KI treatment.
DISCUSSION
The results of the study described herein extend recent findings in rat skeletal muscle, where quantitative Tnnt3 premRNA alternative splicing was altered in response to a 5-day period of weight loading (ϳ30% of body weight; Ref. 41) . A key question raised by that study, and previous work in insects (28) , is whether the Tnnt3 splicing response to muscle loading is controlled by a systemically circulating factor(s), or whether muscle cell-autonomous mechanisms are involved.
The present study examined the latter hypothesis and demonstrated that mechanical stretch of C2C12 myotubes caused rapid (i.e., within 24 h) changes to the expressed pool of Tnnt3 mRNAs generated by means of alternative pre-mRNA splicing. Given the known effect of variation in Tnnt3 splice form composition on muscle force output and calcium sensitivity (5, 35) , it is tempting to speculate on functional consequences of the shifts in Tnnt3 splice form composition caused by mechanical stretch. The effect of mechanical stretch was limited to a subset of the 15 Tnnt3 splice forms identified in C2C12 myotubes: stretch consistently increased the amount of splice forms Tnnt3 mt1, mt2, and mt4, whereas it decreased the relative abundance of splice forms Tnnt3 mt14 and mt15. Thus mechanical stretch was associated with an overall decrease in exon 4 inclusion. In addition, the relative abundance of Tnnt3 exon 16 containing splice forms (Tnnt3 mt1, mt2) was increased in response to mechanical stretch.
While the exact nucleotide sequence of expressed Tnnt3 splice forms differs between C2C12 myotubes and adult rat muscle, the overall pattern in myotubes in culture is strikingly similar to what we observed in muscle, where body weight gain was associated with decreased exon 4 inclusion and increased abundance of Tnnt3 splice forms containing exon 16 (41) . Inclusion of Tnnt3 exon 4 reduces muscle calcium sensitivity (4), whereas exon 16 inclusion increases it (8). We, therefore, predict that the mechanical stretch paradigm employed in the present studies produces a C2C12 myotube phenotype with enhanced calcium sensitivity and ability to produce force. Overall, these findings indicate that C2C12 myotubes subject to cyclic stretching are an appropriate model to study the effect of mechanical loading on Tnnt3 splicing observed in adult rat skeletal muscle.
Cyclically increasing the stretch experienced by muscle cells by means of deformation of their growth substrate is obviously quite different from loading live animals with a weighted harness (e.g., Ref. 6). However, common to both paradigms may be a change in the strain muscle cells experience, assuming that the skeletal muscles of loaded rats (at least initially) counteract the additional weight by active force generation (i.e., muscle shortening). Forces generated during muscle contraction in vivo cause cellular deformations, which are transmitted to the extracellular matrix (ECM) from where biochemical signals (e.g., integrin, ion channel based) can activate intracellular signaling cascades (e.g., Ref. 22 ). Interestingly, the C2C12 myotubes used in the present studies were grown on membranes coated with ECM-like material (i.e., collagen I) and likely deposited additional ECM components during their development (12) . Therefore, our working hypothesis is that ECM-driven mechanotransduction regulates Tnnt3 premRNA alternative splicing.
In addition to the ability to vary the types of splice variants, their precise quantitative regulation across time and tissues is key to gene and organismal function (21) . A prime example of its importance comes from work on Libellula pulchella dragonflies (e.g., Ref. 29) , which has demonstrated how regulation of quantitative variation in Tnt (insect muscle troponin T) splice form abundance allows organisms to shift from an energetically expensive or inexpensive lifestyle, thereby trading off reproductive success. Similarly, we know that rat skeletal muscles can precisely adjust their Tnnt3 splice form profile in a quantitative, load-dependent fashion, thereby affecting energy expenditure (41) . Even though mechanical loading produces qualitatively similar (i.e., effects on exon inclusion mentioned earlier) results in rat skeletal muscles and C2C12 myotubes, it remains to be determined whether the latter response is as quantitatively appropriate to the amount of load they received as it was in rats. Exposing muscle cells to variable strain intensities in vitro has been shown to correlate quantitatively with the level of muscle gene expression and intracellular signaling (7, 31) , but this has not been examined with regard to quantitative regulation of alternative splicing of skeletal muscle genes.
Mechanisms that regulate muscle contractility likely intersect with those that perceive energy availability and track expenditure (6) . Indeed, findings in insects (i.e., fall armyworm, Spodoptera frugiperda) demonstrated that diet quality modulates the relationship between skeletal muscle troponin T splicing and body weight (28) . The PI3K/Akt and Ras/Erk signaling pathways are important in regulating the balance between muscle protein synthesis and growth and nutrient availability (e.g., Refs. 13, 15) . In addition, Akt and ERK1/2 have previously been shown to be activated in response to mechanical stretch in vitro (e.g., Refs. 1, 18). Importantly, these kinases are involved in the regulation of alternative splicing through their action on splice factor activity (e.g., Refs. 3, 27, 32, 43) . We, therefore, considered Akt and ERK1/2 prime candidates to probe the intracellular mechanism of loading-induced alternative splicing. Indeed, inhibition of Akt phosphorylation was recently shown to prevent insulin and thyroid hormone-induced alternative splicing of the cardiac muscle titin (Ttn) gene (26) . In the present study, we demonstrated that Akt and ERK1/2 were both phosphorylated in response to mechanical stretch, but that only inhibition of Akt phosphorylation, and not that of ERK1/2, resulted in an inhibition of mechanical stretch-induced Tnnt3 pre-mRNA alternative splicing. Thus our results suggest a general role for Akt in modulating alternative splicing of muscle sarcomere genes, adding important functionality to the PI3K/Akt signaling pathway and those with which it intersects. A caveat to this conclusion is that, although inhibition of Akt blocked stretchinduced Tnnt3 pre-mRNA alternative splicing, the time courses for activation of Akt and alternative splicing of the Tnnt3 mRNA were distinct, with activation of Akt occurring transiently during the first 2 h of stretch, while alternative splicing was not observed until 8 h. Thus the role of Akt in regulating alternative splicing may have been indirect, as opposed to a direct effect on phosphorylation of splicing factors.
Mechanical loading of C2C12 myotubes may be a potent model system to study the regulation of alternative splicing in general. More than 90% of (human) genes are alternatively spliced (e.g., Refs. 34, 37, 46) , and mechanisms of alternative splicing have been characterized in considerable depth. Because the regulation of alternative splicing of many genes depends on the activity of a relatively small group of splice factors (mRNA binding proteins), it is likely that alternative splicing of sets of genes is coregulated. In support of this prediction, a recent global and longitudinal (i.e., across 32 days) exon array analysis (39) on bone tissue reported that up to 992 (!) genes (including 8 muscle-specific ones) were alternatively spliced in response to mechanical loading. An earlier observation that alternative splicing of cardiac troponin T is coregulated with that of the insulin receptor (14) provides further support for this idea. Therefore, Tnnt3 is likely but one of many genes for which pre-mRNA alternative splicing is modulated in response to mechanical load.
How exactly skeletal muscles perceive the amount of load imposed on them and orchestrate gene expression responses of individual muscle cells to achieve the homeostatic balance between muscle force production and body weight support required remains a seriously complex question with few answers at this point. The ability to manipulate alternative splicing of a sarcomere gene like Tnnt3 in an in vitro setting extends the experimental power of in vivo rat models and will facilitate the identification of such mechanisms.
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